1. Introduction {#sec1}
===============

Hydrogels are three-dimensional (3D) networks of insoluble polymer matrices that can swell significantly while maintaining their structural integrity \[[@bib1]\]. They have been extensively used in tissue engineering, as scaffolds supporting cell attachment, proliferation, growth, and differentiation, as well as in drug delivery systems \[[@bib2], [@bib3], [@bib4]\]. Other biomedical applications of hydrogels include self-healing materials, biosensors, and hemostatic bandages \[[@bib5]\]. Hydrogels resemble the native extracellular matrix, and they present inherent cellular interactions, excellent biological performance, good biocompatibility, and a high water content, which make ​them an ideal choice for tissue engineering applications \[[@bib6]\]. Hydrogel porosity permits fluid flux and local angiogenesis which is crucial for oxygen, nutrient, and waste product ​diffusion \[[@bib3],[@bib7]\]. However, their relatively weak mechanical properties limit their application as load-bearing tissue scaffolds. Several alternatives have been proposed to improve their mechanical properties \[[@bib8],[@bib9]\], such as double-network hydrogels \[[@bib10], [@bib11], [@bib12]\], nanocomposite hydrogels \[[@bib13],[@bib14]\], and ionically cross-linked triblock copolymer hydrogels \[[@bib15]\].

Hydrogels produced from natural biopolymers are widely used in the biomedical and pharmaceutical sectors \[[@bib16], [@bib17], [@bib18]\]. Alginate and gelatin are two widely used biopolymers due to their excellent biodegradability and biocompatibility \[[@bib17],[@bib19]\]. Alginate is a hydrophilic, biocompatible, and non-immunogenic polysaccharide that is mainly produced from brown algae \[[@bib20]\]. Alginate-based hydrogels are widely used for tissue engineering applications because of their stability, ease of handling, and fast cross-linking process under mild conditions \[[@bib21], [@bib22], [@bib23]\]. However, the small pore size distribution and lack of cell-binding moieties are key challenges facing alginate-based hydrogels. On the other hand, gelatin is a low-cost, translucent, soluble, and colorless protein acquired by partial hydrolysis of collagen. Gelatin is extracted mainly from mammalian sources, such as pig skin and bovine hides \[[@bib24]\]. Gelatin promotes adhesion, spreading, and proliferation of various cell lines. To make photocrosslinkable hydrogels, gelatin methacryloyl (GelMA) is synthesized by the addition of methacryloyl groups to the gelatin backbone \[[@bib22]\]. GelMA hydrogels possess natural cell-binding, degradation motifs, and their properties can be easily adjusted \[[@bib25]\].

Nanoparticles (NPs) can be engineered from different sources (metals, minerals, semiconductors, and polymers) and into various shapes (tubes, wires, shells, rods, and spheres) \[[@bib2],[@bib26], [@bib27], [@bib28]\]. These nanosized fillers can hugely affect the physical properties of the nanofunctionalized hydrogel, allowing for the engineering of enhanced biomaterials. NPs have a larger surface area than microsized fillers, which on a tight interface with polymeric matrices improves their mechanical properties. NPs help in maintaining the favorable biocompatibility of hydrogels, while also improving their biological properties, by influencing protein adsorption, as well as cell ​adhesion, proliferation, growth, and differentiation \[[@bib29]\]. NPs are divided into hard (inorganic and metallic particles, quantum dots, and carbon nanotubes) and soft (liposomes, dendrimers, polymeric micelles, and nanogels) NPs \[[@bib30],[@bib31]\]. Soft NPs are considered more biocompatible and biodegradable than hard inorganic NPs. Thus, for biomedical applications, especially for tissue engineering scaffolds, the use of soft organic NPs is preferable.

Here, we present synthesis and characterization of interpenetrating polymer network (IPN) hydrogels, produced from alginate and nanofunctionalized polymerized GelMA, with soft nanoliposomes that contain essential natural micronutrients (omega-3 and omega-6) in their structure.

2. Materials and methods {#sec2}
========================

2.1. Reagents {#sec2.1}
-------------

Phosphate-buffered saline (PBS) tablets, alginic acid sodium salt (M/G ​ratio = ​1.56), calcium chloride (CaCl~2~), methacrylic anhydride (MA), gelatin (type A), and 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (photoinitiator\[PI\]) were purchased from Sigma-Aldrich (Chemie, Steinheim, Germany). Rapeseed lipids were extracted, without using organic solvents, via a low-temperature enzymatic process \[[@bib32]\].

2.2. Characterization of rapeseed lecithin {#sec2.2}
------------------------------------------

Fatty acid methyl esters (FAMEs) were analyzed as previously described by Ackman \[[@bib33]\]. In brief, FAME ​separation was carried out on a gas chromatography system equipped with a flame ionization detector, by using a fused silica capillary column. Both the detector and injector temperatures were fixed at 250 ​°C. Initially, the temperature of the fused silica capillary column was set at 120 ​°C for 3 ​min and increased later at a rate of 2 ​°C.min−1 to 180 ​°C, to be finally fixed at 220 ​°C for 25 ​min. Fatty acids were identified by comparison of the retention times with two complex qualitative standard mixtures PUFA No.1 and PUFA No.2 (Supelco, Sigma-Aldrich, Bellefonte, PA, USA). Measurements were carried out in triplicate.

2.3. Nanoliposome ​preparation {#sec2.3}
------------------------------

Rapeseed lecithin was dissolved in distilled water at a concentration of 3% and 5% (w/v). The suspension was mixed for 5 ​h under agitation in inert atmosphere (nitrogen) and then sonicated at a full power of 40% for 120 ​s (1 ​s on/1 ​s off) to get a homogeneous solution. Finally, the liposomal suspensions were stored in the dark at 37 ​°C until use.

2.4. GelMA preparation {#sec2.4}
----------------------

Gelatin was dispersed at a concentration of 10 ​wt% in PBS at 60 ​°C and stirred until it was fully dissolved. Then, MA was added dropwise at a rate of 0.5 ​mL/min under stirring until the target volume was reached. After 3 ​h, the reaction was stopped with 5-fold dilution using warm PBS. Diluted GelMA was then dialyzed at 40--50 ​°C for one week using a dialysis membrane (MWCO 12--14,000). The solution was then lyophilized for one week. The freeze-dried GelMA foams were stored at −20 ​°C until further use.

2.5. Preparation of polymer ​solutions {#sec2.5}
--------------------------------------

To prepare alginate solution, 4 ​g of alginic acid sodium salt was dispersed into stirred 100 ​mL of double distilled water. After complete solubilization, the alginate solution was degassed to remove air bubbles. GelMA solution was prepared by dissolving the freeze-dried foam into a PBS solution at 40 ​°C. Then, 1% of the PI was added, and the temperature was increased to 80 ​°C to achieve complete solubilization. Both solutions were mixed at 40 ​°C to prepare alginate/GelMA solutions with final concentrations of 0.5, 1, 2, and 30 ​wt%.

2.6. Fabrication of discs {#sec2.6}
-------------------------

Alginate hydrogels were synthesized by carefully pouring 2 ​mL of 0.5, 1, and 2 ​wt% solutions in 5 ​mL of 2 ​wt% CaCl~2~ solution in Petri dishes. GelMA solution was UV cross-linked (360--480 ​nm) in the specific mold for 240 ​s.

The fabrication of IPN hydrogels involved two separate steps. The first one consists of making a template by initial cross-linking of the mixture of the prepolymer and alginate using CaCl~2~, which resulted in the formation of semi-IPN hydrogels. The second cross-linking step consists of UV illumination (360--480 ​nm) for 240 ​s for complete cross-linking of the prepolymer and formation of stable IPN discs.

2.7. Measurement of nanoliposome size and electrophoretic mobility {#sec2.7}
------------------------------------------------------------------

The size distribution (mean diameter and polydispersity index) and electrophoretic mobility (μE) of nanoliposome dispersions were measured by Malvern Zetasizer Nano ZS dynamic light scattering. The samples were diluted (1:400) with ultrapure distilled water. Measurements were completed in standard capillary electrophoresis cells equipped with gold electrodes at a scattering angle of 173°, a refractive index of 1.471, an absorbance of 0.01, and a temperature of 25 ​°C. Three independent measurements were made.

2.8. Scanning electron microscope low vacuum mode {#sec2.8}
-------------------------------------------------

Surface morphologies of hydrogels were characterized using a Quanta scanning electron microscope (FEI-Japan). The low-vacuum mode used allows the observation of surface topography of biomaterials without sputter coating while protecting them from electron beam damage. The maximal resolution attained could be lower than 5 ​nm, using an electron beam spot size of 7 ​nm. A large field detector (LFD) was used to execute this analysis. Square-shaped samples (9 ​mm ​× ​9 ​mm) were inserted in the scanning electron microscope chamber, and tests were performed at a relative humidity of 50% and a temperature of 25 ​°C. Using partial vacuum, a regular pressure of 60 ​mbar was created. Images were taken from a 10-mm distance with an acceleration voltage of 15 ​kV and analyzed using 'xT microscope server' software.

2.9. X-ray photoelectron spectroscopy {#sec2.9}
-------------------------------------

X-ray photoelectron spectroscopy (XPS) were carried out using the KRATOS Axis Ultra X-ray photoelectron spectrometer and performed with monochromatic incident radiation Al--K α X-ray and a photon energy hv of 1486.6 eV. XPS is an effective technique to characterize the surface of the hydrogels and provide adequate information on the possible interactions in the hydrogel. The test was performed at 150 ​W and a base pressure of 10^−9^ ​mbar. Photoelectron data were recorded with survey scans at 1100-0 ​eV ​at an analyzer pass energy of 160 ​eV and narrow scans at an analyzer pass energy of 20 ​eV. The binding energies were corrected by setting the C~1s~ spectral to 284.6 ​eV.

2.10. Rheological measurements {#sec2.10}
------------------------------

A Malvern Kinexus rheometer equipped with a plate-and-plate geometry (20 ​mm) was used to measure the dynamic viscoelasticity. To determine the dynamic storage (G') and viscous (G") moduli, dynamic frequency sweep tests from 0.005 to 30 ​Hz were performed, at strain rates in the linear viscoelastic range. To minimize water evaporation, the measuring system was covered with a humidity chamber that was maintained at 37 ​°C. Average values of three independent measurements are presented.

2.11. Measurements of elastic modulus by atomic force microscopy nanoindentation {#sec2.11}
--------------------------------------------------------------------------------

The nanoindentation method provides Young\'s modulus values that are calculated from the force and indentation curve. Atomic force microscopy (AFM)measurements were conducted using an MFP3D-BIO instrument (Atomic Force F&E GmbH, Mannheim, Germany). SiO~2~ triangular cantilevers with a colloidal probe (10-μm radius) were purchased from Novascan Inc. (Iowa State University Research Park, IA 50010, USA). Using the thermal noise method, spring constants of cantilevers were found to be 10 ​pN/nm. Experiments were performed in PBS at pH 7.4 and a temperature of 37 ​°C. Maps of mechanical properties (force volume image \[FVI\]) were obtained by recording a grid map of 32-by-32 force curves at 3 different locations of the film surface ([Fig. 2](#fig2){ref-type="fig"}b). The maximal loading force was 6 ​nN. Elasticity maps and the corresponding histograms (statistic distribution) were estimated from the analysis of the approach curves as per the model used by Dimitriadis et al \[[@bib34]\]:$$F = \frac{4E}{3\left( {1 - \nu^{2}} \right)}R^{1/2}\delta^{3/2}\left\lbrack {1 + 1,133\chi + 1,283\chi^{2} + 0,769\chi^{3} - 0,0975\chi^{4}} \right\rbrack$$where δ is the indentation depth, ν is the Poisson coefficient, and *R* is the colloid ​radius. The Dimitriadis correction for finite thickness is defined by the χ parameter:$$\chi = \frac{\sqrt{R\delta}}{h}$$where *h* is the sample thickness. The FVI or force maps were analyzed by means of an automatic Matlab algorithm, described by Polyakov et al \[[@bib35]\].Fig. 1SEM images of 3D hydrogels of various systems before and after functionalization. (Scale bar = 300 μm). 3D = three-dimensional; SEM = scanning electron microscopy; GelMA = gelatin methacryloyl.S= μFig. 1Fig. 2(a) Image of the 3D structure of the hydrogel. (b) Typical AFM force curves. (c) Evolution of the elastic modulus of biomaterials before and after nanoliposome ​functionalization. 3D = three-dimensional; AFM = atomic force microscopy; GelMA = gelatin methacryloyl.Fig. 2

2.12. Scratch assay {#sec2.12}
-------------------

Keratinocytes were cultured in a 24-well plate until a confluent cell layer was formed. Then, a 100-μm-wide scratch was formed using a P200 pipette tip, and the hydrogels with and without nanoliposomes were placed inside culture inserts (a pore size of 8 ​μm). Microscopic images were taken over a period of 24 ​h to identify the migration rate of keratinocytes and analyzed using Image J software. The coverage percentage was evaluated by measuring the scratch surface directly after scratching and after 24 ​h.

2.13. Metabolic activity {#sec2.13}
------------------------

Keratinocytes were cultured at the bottom of a 96-well plate (an initial seeding density of 8000 ​cells per well), and then, 100 ​μL of alginate/GelMA hydrogels with and without nanoliposomes were placed inside the well plate. The metabolic activity of the cells was measured by PrestoBlue® assay (Life Technologies, Carlsbad, CA, USA). PrestoBlue® assay was performed as per the manufacturer\'s recommended protocol. One hundred fifty microliters of PrestoBlue®/culture media (1/10 v/v) was added into each well and incubated at 37 ​°C for 1 ​h. Afterward, 100μL of this medium was transferred into a new 96-well plate, and the solution\'s fluorescence was recorded at 560 ​nm (excitation) and 590 ​nm (emission) using a microplate reader (BioTek synergy™ 2, USA). Relative cell viability (R) was calculated as follows:$$R\text{\%~\!} = \frac{A_{test}}{A_{control}} \times 100$$where A~test~ and A~control~ are the absorbance values of solutions collected from the cells that were treated with the test solutions and the blank culture medium, respectively.

3. Results and discussion {#sec3}
=========================

3.1. Liposome ​properties and chemical composition {#sec3.1}
--------------------------------------------------

The average nanoliposome ​size produced from rapeseed phospholipids was 110 ​nm, with an electrophoretic mobility of −3.41 ​μE. Based on FAME ​analysis by gas chromatography, the largest amount of fatty acid found in rapeseed phospholipids was the monounsaturated oleic acid C18:1 n-9 (57.80%). The major polyunsaturated fatty acids linoleic acid C18:2 n-6 and linolenic acid C18:3 n-3 comprised 26.32% and 6.60% of the rapeseed phospholipids, respectively. High concentrations of monounsaturated fats, such as oleic acid, combined with low concentrations of saturated fats, such as stearic and palmitic acids, have been shown to reduce the undesirable low-density lipoproteins without affecting the level of desirable high-density lipoproteins in human blood serum \[[@bib36]\]. Moreover, although linoleic and linolenic acids cannot be synthesized by humans, they are considered essential fatty acids because they are important to human health \[[@bib37]\]. The monounsaturated and polyunsaturated fatty acid composition of nanoliposomes provides a bioactive character to the soft NPs.

3.2. Surface properties of hydrogels {#sec3.2}
------------------------------------

Freestanding nanoliposomes-IPN hydrogels (alginate and GelMA) with two nanoliposome ​concentrations were developed using sonication-free nanoliposomes and hydrogel formation by UV cross-linking of GelMA and CaCl~2~ reticulation of alginate under appropriate physiological conditions.

### 3.2.1. Microstructure {#sec3.2.1}

The surface morphology of alginate, GelMA, and IPN alginate/GelMA discs before and after nanoliposome ​functionalization was studied to evaluate pore distribution and their architecture by scanning electron microscopy (SEM) ([Fig. 1](#fig1){ref-type="fig"}). The alginate disc displayed a folded surface structure in regular patterns. After adding the nanoliposomes into alginate, the disc surface at two concentrations of nanoliposomes showed a totally homogeneous surface morphology without any regular patterns of folding with regular pores. However, the disc of GelMA showed the porous nature of scaffold with a pore size ranging from 23 to 104 ​μm after nanofunctionalization. The nanoliposome nanofunctionalization of the alginate/GelMA matrix yielded heterogeneous and well-defined pores, as well as a highly interconnected porosity ([Fig. 1](#fig1){ref-type="fig"}). The interconnected porosity suits the scaffolds for cell attachment, migration into the deeper struts, and neovascularization \[[@bib38],[@bib39]\]. The SEM results demonstrated that nanoliposomes modified the surface properties of hydrogels, in particular, the surface properties of alginate discs.

The incorporated nanoliposomes were non-fusogenic (the nanoliposomes were stable for more than 2 months); however, calcium cations could initiate their aggregation, and the close contacts between them might, therefore, facilitate lipid exchange and even fusion of lipid bilayers \[[@bib40]\]. The presence of nanoliposomes, especially large-sized fused nanoliposomes, could form a spatial obstacle during cross-linking, which increases the resulting porosity of the cross-linked hydrogels ([Fig. 1](#fig1){ref-type="fig"}) \[[@bib41]\].

### 3.2.2. Chemical structure and potential interactions {#sec3.2.2}

XPS, based on the distribution of electron ​energy, provides information about the surface composition of a material and characterizes possible interactions between the hydrogel components. [Table 1](#tbl1){ref-type="table"} characterizes the surface of the different hydrogels.Table 1XPS analysis of the surface elemental composition of pure alginate and GelMA IPN hydrogels, before and after functionalization with nanoliposomes.Table 1Hydrogel% O 1s% C 1s% N 1s% O 1s O**=**C% O 1s O--C% N 1s\
C-(NH,NH2)% C 1s\
C-(C,H)% C 1s\
C--O% C 1s C = O% P 2pAlg 2%26.3554.631.4958.833.3310037.2438.4624.3--Alg 2% ​+ ​lip 5%17.4778.11--27.9665.83--68.4422.854.470.62GelMA17.3968.0514.4161.5627.4610044.2932.6519.69--GelMA ​+ ​lip 5%16.2174.339.0949.6435.6110055.0127.8713.050.38Alg 2% ​+ ​G19.1865.8714.9564.5725.9395.0539.2234.521.98--Alg 2% ​+ ​G ​+ ​lip 5%17.4872.409.2447.4138.7193.9753.4028.2213.970.3Alg 1% ​+ ​G17.8861.0616.6667.8723.6795.2439.8335.9820.20--Alg 1% ​+ ​G ​+ ​lip 5%20.8677.8--44.2844.48--55.2027.7612.340.51Alg 0.5% ​+ ​G20.9878.24--66.0924.57--42.2833.9919.86--Alg 0.5% ​+ ​G ​+ ​lip 5%20.7678.77--59.2129.10--43.6030.8720.84--[^2]

The XPS analysis on the alginate hydrogel shows characteristic peaks of Na~1s~ at 1071.55 ​eV and O~1s~ at 532.45 ​eV. The C peak can be fitted to three components C-(C,H), C--O, and O--C=O. These elements are generated from the alginate polymer. The addition of CaCl~2~ during the cross-linking and the formation of the alginate hydrogel are confirmed by the presence of Ca~2p~ and Cl~2p~ peaks at 347.25 ​eV and 198.55 ​eV, respectively. The incorporation of nanoliposomes into the alginate hydrogel showed similar peaks as the spectrum of alginate, but the atomic concentration percentage of the carbon increases from 54.63% to 78.11%. However, a new peak characteristic of the liposomes appeared at 133.06 ​eV, representing P~2P~. The spectrum of alginate with liposomes did not present any new elements and did not show any interaction between the polymer and the NPs. Although the atomic concentration of calcium decreased to 50% with the addition of nanoliposomes, in fact, the changes seen on the spectrum may be due to an interaction between the soft NPs and the chelating agent Ca^2+^, which had an impact on the cross-linking of alginate and calcium.

The spectrum of GelMA represented three essential components of the polymer: O~1s~ (531.150 ​eV), N~1s~ (399.650), and C~1s~ (284.650 ​eV). The N:C ratio was low, confirming the methacrylation of GelMA and the partial replacement of the amine groups by methacrylamide groups. The addition of nanoliposomes showed also the same elements as the GelMA spectrum. The nitrogen concentration decreased by 63% after the incorporation of the soft NPs. The P~2P~ peak of the liposomes appeared with a lower concentration than the alginate polymer. It is possible that the phosphate groups of liposomes have reacted with the amine groups of GelMA.

The IPN hydrogels containing 2% of alginate showed a new peak representing C--NH^3+^, confirming the interaction between two polymers alginate and GelMA. After the addition of nanoliposomes, the phosphorus element appeared, evidencing the presence of liposomes in the solutions. It is remarkable that when alginate concentration was decreased, the nitrogen element, as well as phosphorus, disappeared. The obtained result highlights that the alginate concentration affected the interaction between the different components, leading to hydrogels with different properties. In fact, alginate and liposomes competed to react electrostatically with GelMA. The incorporation of nanoliposomes occurred after the mixture of the two polymers. Because alginate reacted first with GelMA, a decrease in the alginate concentration can increase the possibility for liposomes to interact with the free positive charges of GelMA.

3.3. Surface mechanical properties {#sec3.3}
----------------------------------

Nanomechanical properties of the developed hydrogels were measured by AFM ​nanoindentation technique using a colloidal probe ([Fig. 2](#fig2){ref-type="fig"}b). Each bar and the corresponding errors were derived from an average of 1024 values ([Fig. 2](#fig2){ref-type="fig"}c). The statistic distribution of elastic modulus of each type of hydrogel and the force curves are given in the supplementary information section ([Figs. S1--S5](#appsec1){ref-type="sec"}).

Hydrogels were based on pure gels from alginate or GelMA and also a mixture of GelMA and alginate at a ratio of 50:50 with various alginate concentrations of 0.5, 1, and 2 ​wt%. In addition, nanoliposomes were incorporated in the IPN hydrogels with two blending amounts of 3 and 5 ​wt%, respectively. Then, gels were analyzed by colloidal probe AFM, wherein 1024 measurements were taken over 20 ​× ​20 ​μm^2^ surface area for each sample and each replicate ([Table 2](#tbl2){ref-type="table"}).Table 2Young\'s modulus of simple and composite hydrogels before and after nanofunctionalization.Table 2Young modulus (kPa, n ​= ​1024)Gel compositionNanoliposome blending (%)AlginateGelMA0350.5%--0.05 ​± ​0.012.60 ​± ​0.136.93 ​± ​0.98--+0.81 ​± ​0.250.85 ​± ​0.372.45 ​± ​0.440.5%+0.74 ​± ​0.050.79 ​± ​0.052.58 ​± ​0.311%+4.73 ​± ​0.584.90 ​± ​1.006.70 ​± ​0.452%+10.61 ​± ​0.7210.97 ​± ​1.1011.57 ​± ​1.16[^3]

The native and pure gels containing only alginate and GelMA are characterized by elastic moduli of about 0.05 ​± ​0.01 ​kPa and 0.81 ​± ​0.25 ​kPa, respectively. This result indicates that a 2 ​wt% alginate cross-linked hydrogel is 16 times softer than the GelMA samples. When the alginate hydrogel was blended with nanoliposomes at a concentration of 3 and 5 ​wt%, a drastic increase in the elastic modulus was observed. The elastic modulus increased from 0.05 ​kPa to 2.60 ​kPa and 6.97 ​kPa for the blending of 3 and 5% nanoliposomes, respectively ([Table 2](#tbl2){ref-type="table"}). This increase emphasized that the nanoliposomes are involved in the gel reinforcement with stiffening factors of ca. 50 and 140, respectively. In the case of the pure GelMA hydrogel, this effect is weaker with stiffening factors ranging only from 1 to 3. Mechanical property analysis of the mixed gel containing GelMA and alginate cross-linked at a concentration of 0.5% shows the same trend (i.e., a weak increase in the elastic modulus in the range of only 1 to 4). When the alginate concentration was increased, an increase in Young\'s modulus was observed from 0.74 ​kPa to 4.73 ​kPa and to 10.61 ​kPa for alginate concentrations of 0.5%, 1%, and 2%, respectively. Here, the stiffening effect seems to be driven by the alginate amount with stiffening rates of about 6 and 14 for 1% and 2% alginate, respectively. Surprisingly, the blending of 3 and 5 ​wt% of nanoliposomes leads to a slight increase of the elastic modulus of the mixed gels, with stiffening rates ranging from 1.05 to 1.42 and from 1.03 to 1.09 for the 1% and 2% cross-linked gels, respectively. This result underlines that the stiffer the mixed gel, the smaller the effect of nanoliposomes on the gel\'s mechanical properties.

3.4. Bulk mechanical properties {#sec3.4}
-------------------------------

The mechanical properties along with the thickness of hydrogels were investigated by dynamic shear oscillation measurements. Influence of nanoliposomes on the viscoelastic properties of hydrogels at 37 ​°C at a mesoscopic scale was also studied. Typical mechanical spectra are shown in [Fig. 3](#fig3){ref-type="fig"}, in which average G′ and G″ are presented over a range of 0.05--30 ​Hz. Storage (or elastic) modulus represents the elastic part, and the loss (or viscous) modulus represents the viscous part of a material. All mechanical spectra showed that G′ is higher than G″, confirming that all hydrogels (alginate, GelMA, and IPN materials) have principally an elastic rather than a viscous character, which is what normally differentiates gels from viscous liquids and demonstrates that deformation energy is recovered in the elastic stretching of chemical bonds \[[@bib42]\].Fig. 3Rheological properties of various hydrogels with and without nanoliposomes. Frequency sweep tests of (a) Alg 2%, (b) GelMa, (c) IPN of Alg 2% and GelMa 30%, (d) IPN of Alg 1% and GelMa 30%, and (e) IPN of Alg 0.5% and GelMa 30%. GelMa = gelatin methacryloyl; IPN = interpenetrating polymer network.Fig. 3

The slow increase of alginate hydrogel storage modulus with frequency ([Fig. 3](#fig3){ref-type="fig"}a) indicated the existence of relaxation processes that could be induced by the reversible release of the entrapped entanglements or by intermolecular junction ​opening \[[@bib43]\]. These junctions resulted from the coordination of Ca^2+^ cations to the alginate\'s interchain cavities made up of G and MG blocks, resulting in the development of a so-called 'egg-box' \[[@bib44]\]. The incorporation of nanoliposomes decreased significantly the storage modulus of alginate hydrogels. Most probably, the presence of nanoliposomes could affect the activity of Ca^2+^ during alginate gelation at room temperature, wherein nanoliposomes integrates into the gel state, which enhances the binding of Ca^2+^ owing to potential electrostatic interaction between the divalent cations and the negatively charged phospholipids \[[@bib45]\]. The evolution of the elastic modulus of nanofunctionalized alginate hydrogels is in good agreement with their microstructure investigated by SEM and is presented in [Fig. 1](#fig1){ref-type="fig"}.

The storage modulus of all GelMA hydrogels was higher than the loss modulus ([Fig. 3](#fig3){ref-type="fig"}b), which proved that they were of an elastic nature at 37 ​°C. G' was notably constant throughout the increasing frequency range. Generally, mechanical stability of GelMA hydrogels results from both physical structuring and chemical cross-linking \[[@bib46]\]. Physical gelation results from a triple helix thermoreversible conformation change into individual polypeptide coils at temperatures higher than ca. 40 ​°C. When cooled at temperatures lower than 35 ​°C, helix structures are formed from the association of the random coils joined locally, which then grow, interconnect, and form larger domains until the entire volume is percolated \[[@bib47]\]. Chemical cross-linking results through photopolymerization of vinyl groups initiated through UV light, wherein it maintains the structure of the hydrogel via the C--C bond between GelMA macromolecules at 37 ​°C\[[@bib46]\]. Nanoliposome incorporation decreased the elastic modulus, but not significantly, of GelMA hydrogels, which could be due to the soft nature of the nanoliposome ​membrane \[[@bib43],[@bib44]\].

The Alg 2%-GelMA IPN hydrogel\'s mechanical spectrum ([Fig. 3](#fig3){ref-type="fig"}c) had the highest G′ and G″ without any significant frequency dependence. IPN gel\'s G′ is higher than that of GelMA and alginate hydrogels. Gelatin is composed of 18 non-uniformly distributed amino acids with both positive and negative charges, and its cationic property is basically due to lysine and arginine residues \[[@bib48]\]. Therefore, the reinforcement role of nanoliposomes could be attributed to intermolecular forces through electrostatic interaction between the unmodified protonated GelMA amino groups and the negatively charged alginate. However, nanoliposome incorporation results in a significant decrease in the G′ and G″, which might be related to the preparation method of the IPN hydrogels. Semi-IPN hydrogel preparation, by alginate gelation with CaCl~2~, is the first step of the IPN gelation procedure, which is then followed by GelMA cross-linking via UV exposure. Considering that the cross-linked alginate provides the majority of the mechanical stability of the IPN hydrogels, the incorporation of nanoliposomes interferes with the 'egg-box' formation and therefore decreases the elastic modulus of the IPN hydrogels. In contrast, for IPN hydrogels prepared with 1 and 0.5 ​wt% alginate ([Fig. 3](#fig3){ref-type="fig"}d and e), the incorporation of nanoliposomes did not affect the mechanical stability of the final 3D structures. In fact, the decrease of alginate polymer amounts could lead to higher chain mobility and therefore easier macromolecular arrangement, which will reduce the spatial hindrance effect of the incorporated nanoliposomes. On the other hand, at lower alginate concentrations (1 and 0.5 ​wt%), the final mechanical stiffness of the IPN gels is defined by cross-linked GelMA. As nanoliposome incorporation did not affect the pure GelMA hydrogels, the inclusion of nanoliposomes would not affect the mechanical stability of the IPN hydrogels.

From the rheological investigation of the different hydrogel systems, we can conclude that the 2% alginate-GelMA IPN hydrogel showed the highest mechanical stability. The variation of alginate concentration highlighted the major role of alginate in the preservation of the mechanical stability of the final IPN structure. The nanoliposome nanofunctionalization influence was closely related to the matrix composition and to the gelation procedure. In fact, the addition of Ca^2+^ during alginate gelation may accentuate its contribution to the final matrix stability owing to size increase derived from nanoliposome fusion and aggregation.

3.5. Biological properties {#sec3.5}
--------------------------

The designed hydrogel can be potentially used as a topical drug delivery system for wound healing applications. To assess the biological activity of the engineered hydrogel with and without nanoliposomes, we studied its interaction with human keratinocytes. A standard scratch assay was carried out to assess the nanoliposome effectiveness in inducing keratinocyte growth. First, ∼500-μm-wide scratches were made over a confluent monolayer of keratinocytes. Next, pure and nanofunctionalized IPN hydrogels were placed inside culture inserts (a pore size of 8 ​μm) and incubated with cells for 24 ​h.

Keratinocyte ​migration was quantified by taking microscopy images from the cells at different time points. To obtain a scratch geometry--independent parameter for migration, the coverage percentage was calculated as follows:$$\text{\%~\!}coverage = \left( \frac{S_{0} - S_{t}}{S_{0}} \right) \times 100$$where S~0~ is the scratch surface at time 0 and S~t~ is the scratched surface at time t. [Fig. 4](#fig4){ref-type="fig"}a shows microscopy images obtained at 0 ​h and 24 ​h after scratching a monolayer of keratinocytes. The coverage percentage at 24 ​h is calculated and shown in [Fig. 4](#fig4){ref-type="fig"}b. The results show that a significant increase in coverage percentage is achieved by incubating cells with nanofunctionalized hydrogels. The metabolic activity of cells directly cultured on pure and nanofunctionalized hydrogels was also studied using a PrestoBlue viability assay. For this, 100 ​μL of hydrogel constructs with and without nanoliposomes was interfaced with freshly seeded cellular cultures. [Fig. 4](#fig4){ref-type="fig"}c shows the metabolic activity of cells after 3 and 5 days of incubation on IPN hydrogels. The results show that cells have retained their metabolic activity.Fig. 4The effect of nanoliposomes on the culture of keratinocytes. (a and b) A standard scratch assay was carried out in which ∼500-μm-wide scratches were made and a treatment was applied to the scratched culture. The closed area of the scratch was measured after 24 ​h (a). (c) The metabolic activity of cells cultured directly at the interface of composite hydrogels with and without nanoliposomes was measured after 3 and 5 days of culture. The results showed that cells have remained viable during this period. GelMA = gelatin methacryloyl.Fig. 4

4. Conclusions {#sec4}
==============

In summary, a robust approach for the fabrication of nanofunctionalized 3D structures from IPN hydrogels was proposed. The inclusion of soft NPs (nanoliposomes) differently affected the mechanical properties of hydrogels at the surface and through the thickness. At the nanoscale, the elastic modulus investigated at the extreme surface increased significantly after nanoliposome ​inclusion for all hydrogel ​systems. However, at a larger scale, bulk rheology demonstrated that elastic modulus of hydrogels decreased on nanofunctionalization. In fact, the nanoliposome ​addition could influence the mechanical properties of the final matrix at two different stages: during the gelation process or after hydrogel ​formation. During the gelation process, nanoliposomes could form spatial obstacles and decrease the bulk roughness of hydrogels, whereas after hydrogel ​formation, the dynamic matrices may evolve and nanoliposomes could be pushed toward ​the surface owing to their low density and high mobility in the final material.

On the other hand, the nanofunctionalization of the alginate/GelMA IPN matrix with nanoliposomes resulted in modified surface properties. In addition, we confirmed that the presence of alginate can increase the mechanical properties of the engineered protein-based hydrogels. Nanoliposome functionalization of IPN hydrogels enhanced the growth of keratinocytes and thus improved the biological properties of these hydrogels.
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[^2]: XPS = X-ray photoelectron spectroscopy; GelMA = gelatin methacryloyl; IPN = interpenetrating polymer network.
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